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(57) ABSTRACT 

A MEMS ?lter has an input layer for receiving a signal 
input, and an output layer for providing a signal output. The 
MEMS ?lter also has a ?rst resonator and a second resonator 
coupled to the ?rst resonator such that movement transduced 
in the ?rst resonator by the signal input causes movement of 
the second resonator Which transduces the signal output. A 
method of manufacturing a MEMS ?lter is also disclosed. A 
dielectric layer is formed on a base. A patterned electrode 
layer is formed at least in part on the dielectric layer. The 
base is etched to de?ne a resonator structure. A method of 
adjusting a desired input impedance and an output imped 
ance of a dielectrically transduced MEMS ?lter having 
transduction electrodes coupled to a dielectric ?lm is further 
disclosed. The method includes adjusting a DC bias voltage 
on the transduction electrodes. 
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DIELECTRICALLY TRANSDUCED 
SINGLE-ENDED TO DIFFERENTIAL MEMS 

FILTER 

RELATED APPLICATIONS 

[0001] This application claims priority to US. provisional 
patent application 60/733,695, entitled, “DIELECTRI 
CALLY TRANSDUCED SINGLE-ENDED TO DIFFER 
ENTIAL MEMS FILTERS”, ?led on Nov. 4, 2005. This 
application also claims priority to US. provisional patent 
application 60/765,511, entitled, “DIELECTRICALLY 
TRANSDUCED SINGLE-ENDED TO DIFFERENTIAL 
MEMS FILTERS”, ?led on Feb. 6, 2006. Both the 60/733, 
695 and the 60/765,511 provisional patent applications are 
hereby incorporated by reference in their entirety. 

TECHNICAL FIELD 

[0002] The claimed invention relates to MEMS ?lters, 
and, more particularly, to dielectrically transduced single 
ended to differential MEMS ?lters. 

BACKGROUND 

[0003] Sensor network transceivers and cell phones, such 
as GSM and W-CDMA cell phones, Which depend on 
differential signal paths, use baluns to convert single ended 
signals of an antenna to differential signals used as inputs to 
loW noise ampli?ers (LNAs), and also to transform the 
antenna impedance (typically 509) to the LNA input imped 
ance (2009), a 1:4 impedance transformation. The balun is 
a bulky off-chip device Which increases the siZe and expense 
of devices for Which it is required. Therefore, it Would be 
desirable to be able to eliminate the off-chip balun While still 
alloWing impedance-matched conversion of single-ended 
signals to differential signal. 

SUMMARY 

[0004] A MEMS ?lter has an input layer for receiving a 
signal input, and an output layer for providing a signal 
output. The MEMS ?lter also has a ?rst resonator and a 
second resonator coupled to the ?rst resonator such that 
movement transduced in the ?rst resonator by the signal 
input causes movement of the second resonator Which 
transduces the signal output. 

[0005] A method of manufacturing a MEMS ?lter is 
disclosed. A dielectric layer is formed on a base. A patterned 
electrode layer is formed at least in part on the dielectric 
layer. The base is etched to de?ne a resonator structure. 

[0006] A method of adjusting a desired input impedance 
and an output impedance of a dielectrically transduced 
MEMS ?lter having transduction electrodes coupled to a 
dielectric ?lm is also disclosed. The method includes adjust 
ing a DC bias voltage on the transduction electrodes. Aradio 
frequency (RF) apparatus is disclosed. The RF apparatus has 
an input con?gured to receive an input RF signal and a 
plurality of MEMS ?lters. Each MEMS ?lter has an input 
layer for receiving a signal input and an output layer for 
providing a signal output. Each MEMS ?lter also has a ?rst 
resonator and a second resonator coupled to the ?rst reso 
nator such that movement transduced in the ?rst resonator 
by the signal input causes movement of the second resonator 
Which transduces the signal output, and Wherein each of the 
?rst and second resonators are tuned to alloW different 
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frequency bands to pass from the signal input to the signal 
output. The RF apparatus also has sWitching circuitry Which 
routes the input RF signal to a desired MEMS ?lter from the 
plurality of MEMS ?lters. The RF apparatus further has an 
output con?gured to provide the signal output from the 
desired MEMS ?lter. 

[0007] A MEMS ?lter is further disclosed. The MEMS 
?lter has a frame, an output resonator coupled to the frame 
by anchor beams, and an input resonator coupled to the 
output resonator by at least one coupling beam. The MEMS 
?lter also has an input dielectric layer covering at least part 
of the input resonator and an output dielectric layer covering 
at least part of the output resonator. The MEMS ?lter further 
has an input electrode covering at least part of the input 
dielectric layer and con?gured to receive an input signal 
comprising an input DC bias voltage and a single-ended RF 
voltage signal from a device With a ?rst impedance, Wherein 
the combination of the input DC bias voltage and the 
single-ended RF voltage signal compresses the input dielec 
tric layer and drives a movement of the input resonator. The 
MEMS ?lter also has a ?rst output electrode covering at 
least part of the output dielectric layer and a second output 
electrode covering at least another part of the output dielec 
tric layer. The ?rst and second output electrodes are con 
?gured to receive an output DC bias voltage. Movement of 
the input resonator tends to cause movement of the output 
resonator depending on the characteristics of the input 
signal, the input DC bias voltage, the anchor beams, the at 
least one coupling beam, the input dielectric layer, and the 
input electrode. Movement of the of the output resonator 
creates a differential output signal, at a second impedance, 
betWeen the ?rst output electrode and the second output 
electrode depending on characteristics of the output DC bias 
voltage, the output dielectric layer, the ?rst output electrode, 
and the second output electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIGS. 1A and 1B are schematic diagrams shoWing 
antenna interface circuitry having a balun and conventional 
?lter together With an alternative circuit Wherein an embodi 
ment of a single-ended to differential ?lter replaces the balun 
and conventional ?lter. 

[0009] FIG. 2A is a diagram of a mechanical equivalent of 
portions of the resonators used in some embodiments of 
MEMS ?lters. 

[0010] FIG. 2B is a graphical representation of the trans 
mission characteristics of the mechanical equivalent shoWn 
in FIG. 2A. 

[0011] FIG. 3A is a partial cross sectional diagram of the 
dielectric activation end of one embodiment of a MEMS 
?lter With a superimposed electrical diagram and mechanical 
stress diagram. 

[0012] FIG. 3B is a partial cross sectional diagram of the 
dielectric sensing end of one embodiment of a MEMS ?lter 
With a superimposed electrical diagram and mechanical 
stress diagram. 

[0013] FIGS. 4A, 4B, 4C, 4D, and 4E are schematic side 
cross-sectional vieWs illustrating one embodiment of pro 
cessing steps used to fabricate a MEMS ?lter. 

[0014] FIG. 5A is a SEM photograph of an embodiment of 
a single-ended to differential MEMS ?lter. 
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[0015] FIG. 5B is a representation of the dielectric trans 
duction occurring in the ?lter shown in FIG. 5A. 

[0016] FIG. 6 is an equivalent schematic diagram of the 
?lter embodied in FIGS. 5A and 

[0017] FIG. 7 is a plot of test results for the MEMS ?lter 
embodied in FIG. 5A. 

[0018] FIG. 8A is a SEM photograph of another embodi 
ment of a single-ended to differential MEMS ?lter. 

[0019] FIG. 8B is a representation of the dielectric trans 
duction occurring in the ?lter shoWn in FIG. 8A. 

[0020] FIG. 9 is a plot of test results for the MEMS ?lter 
embodied in FIG. 8A. 

[0021] FIG. 10 is a plot of test results for the MEMS ?lter 
embodied in FIG. 8A over a Wider frequency range than that 
illustrated in FIG. 9; and 

[0022] FIG. 11 schematically illustrates a further embodi 
ment of a MEMS ?lter. 

[0023] It Will be appreciated that for purposes of clarity 
and Where deemed appropriate, reference numerals have 
been repeated in the ?gures to indicate corresponding fea 
tures, and that the various elements in the draWings have not 
necessarily been draWn to scale in order to better shoW the 
features of the invention. 

DETAILED DESCRIPTION 

[0024] Turning noW to the draWings, speci?cally FIG. 1A, 
an antenna 10 is connected to a series circuit of an off-chip 
RF sWitch 12 and a channel-select RF ?lter 14 that is 
connected to one terminal of the primary Winding of a balun 
transformer 16, the secondary terminals of Which provide 
differential inputs to an LNA 17. The off-chip RF sWitch 12, 
channel-select RF ?lter 14, and the balun transformer 16, 
Within a dashed line box 18, are shoWn replaced by a bias 
voltage internal sWitch 20 and an embodiment of a single 
ended to differential ?lter 22 inside a receiver 23. Thus, the 
single-ended to differential ?lter 22 eliminates the need for 
the bulky off-chip balun transformer 16, and the RF sWitch 
12 has been replaced by a bias voltage sWitch 20 Which can 
be placed on the same chip as the single-ended to differential 
?lter 22. 

[0025] FIG. 1B is a schematic diagram similar to FIG. 1A 
With the balun transformer 16 placed betWeen the off-chip 
RF sWitch 12 and a fully differential RF ?lter 24. The 
off-chip RF sWitch 12, balun transformer 16, and fully 
differential RF ?lter 24, Within a dashed line box 25, are 
shoWn replaced by the bias voltage internal sWitch 20 and 
another embodiment of a single-ended to differential ?lter 
26 inside a receiver 27. The single-ended to differential ?lter 
26 provides a 1:4 impedance transformation in this embodi 
ment. 

[0026] FIG. 2A is a diagram of a mechanical equivalent of 
portions of the resonators used in the dielectrically trans 
duced MEMS ?lters described herein. A ?rst stationary 
support 40 has attached to it a ?rst spring 42 in parallel With 
a ?rst damping device 44, the other ends of Which are 
attached to a ?rst mass 46 Which, in turn, is coupled to a 
second mass 48 by a second spring 50. The second mass 48 
is coupled to a second stationary support 52 by the parallel 
combination of a third spring 54 and a second damping 

May 10, 2007 

device 56. TWo of these structures are shoWn in FIG. 2A to 
illustrate tWo modes of operation of the resonators. In the 
upper diagram representing mode 1, the ?rst mass 46 is 
moved to the right causing the ?rst spring 42 attached to the 
?rst stationary support 40 to elongate While the spring 50 
stays the same length and the third spring 54 becomes 
compressed such that the masses 46 and 48 move simulta 
neously to the right. In the loWer diagram representing mode 
2 the spring 50, after ?rst being compressed and then 
decompressing farther than its original length, causes the 
?rst mass 46 to move to the left While the second mass 48 

continues to move to the right. Thus the initial movement of 
the mass 48 results in a rightWard and then a leftWard 
movement of the mass 48 While the mass 50 moves to the 

right. 

[0027] FIG. 2B is a graphical representation of the trans 
mission characteristics of the mechanical equivalent shoWn 
in FIG. 2A. The structure shoWn in FIG. 2B is a passband 
?lter in Which the passband 60 is the combination of the 
transmission through the resonator during mode 1 repre 
sented by curve 62, and the transmission through the reso 
nator during mode 2 represented by curve 64. The offset of 
the center frequencies of the curves 62 and 64 advanta 
geously Widens the passband 60. To lessen the attenuation of 
a signal through the resonator, the motional impedance of 
resonator, as Well as the effective stiffness of the springs 44 
and 52, should be as loW as possible. 

[0028] FIG. 3A is a partial cross-sectional diagram of the 
dielectric activation end of the ?lters described herein With 
a superimposed electrical diagram and mechanical stress 
diagram. This diagram and the diagram shoWn in FIG. 3B 
Were presented by Bhave, Sunil A. et al., “Silicon Nitride 
On-Silicon Bar Resonator Using Internal Electrostatic 
Transduction,” 13th International Conference on Solid-State 
Sensors, Actuators and Microsystems (Transducers 2005), 
Seoul, Korea, Jun. 5-9, 2005, pp. 2139-2142, and later 
published in the Proceedings of the conference. In FIG. 3A 
the silicon layer 70 has deposited upon it a dielectric layer 
72 of hafnium dioxide Which is 30 nm thick in the resonator 
shoWn in FIG. 5A and 20 nm thick in the resonator shoWn 
in FIG. 8A. ShoWn in FIG. 3A is a heavily doped polysilicon 
layer 74 on top of the hafnium dioxide layer 72. The 
polysilicon layer 74 is an electrode layer for the input and 
output signals. An electrical signal consisting of a DC 
component and an AC component 76 is applied across the 
polysilicon layer 74 and the silicon layer 70. As a result of 
the applied signal, the varying electrostatic ?eld betWeen the 
polysilicon layer 74 and the silicon layer 70, vertical com 
pression forces are created in the dielectric layer 72 Which 
create lateral forces in the dielectric layer 62 according to the 
folloWing formula; 

Where ox is the lateral stress in the dielectric layer 72, vdiel 
is the propagation velocity of the dielectric layer 72, and O2 
is the vertical stress in the dielectric layer 72. 

[0029] The vertical stress in the dielectric layer 72 is 
transferred at the interface betWeen the dielectric layer 72 
and the silicon layer 70 to the silicon layer 70 and thus to the 
silicon resonator. The stress induced in the silicon layer 70 
is contoured by the shape of the resonator and thereby 
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provide the passband characteristics of the ?lter, and also 
determine the input and output characteristic impedances of 
the ?lter. The strain E of the silicon layer 70 is given by 

Where ESi is Young’s modulus for silicon. 

[0030] FIG. 3B is a partial cross-sectional diagram of the 
dielectric sensing end of a ?lter according to an embodiment 
of the present invention With a superimposed electrical 
diagram and mechanical stress diagram. The iOUT signal on 
line 80 is the ?ltered AC signal applied to the polysilicon 
layer 82 in FIG. 3A. The stress propagation and electrical 
signal generation are the same as shoWn in FIG. 3A, except 
in reverse. The polysilicon layer 82 is biased With respect to 
the silicon layer 70 by a DC bias voltage VBIAS 84. Both the 
DC bias at the dielectric activation end (input) of the ?lter 
shoWn in FIG. 3A and the DC bias at the dielectric sensing 
end (output) of the ?lter shoWn in FIG. 3B must be present 
When the ?lter is to be active, and removing either DC bias 
Will disable the ?lter. 

[0031] FIGS. 4A, 4B, 4C, 4D, and 4E are side cross 
sectional vieWs shoWing an embodiment of processing steps 
used in fabricating the ?lters shoWn in FIGS. 5A and 8A. 
The process uses three masks and can be readily integrated 
into any CMOS or similar process. The ?lter of the ?rst 
embodiment is fabricated on base, for example a 3 micron 
thick SOI Wafer 90. A dielectric layer, for example 30 nm 
layer of hafnium dioxide 92 (having a dielectric constant of 
approximately 28 and an acoustic velocity of 8500 m/ s) is 
deposited on the base for the ?lter shoWn in FIG. 5A (the 
?lter of FIG. 8A uses a 20 nm layer of hafnium dioxide), 
using atomic layer deposition, patterned, and etched as 
shoWn in FIG. 4A. Depositing the dielectric layer directly on 
the base has the advantage that it is relatively simple to 
include in a manufacturing process When compared With 
other methods Which might try to deposit dielectric material 
betWeen electrodes. 50 and 20 nm thick polysilicon elec 
trode layers 74 and 82, respectively, are then deposited and 
doped as shoWn in FIG. 4B, and then patterned and etched 
(FIG. 4C). A further advantage of forming the electrode 
layer after the dielectric layer is that the surface area of the 
electrodes may be increased, Which decreases the motional 
impedance, and alloWs for a larger choice of resonators. A 
DRIE substrate etch de?nes the resonator structure as shoWn 
in FIG. 4D. Finally, the SOI device layer is etched and 
released (FIG. 4E). 

[0032] FIG. 5A is a SEM picture ofa ?rst embodiment of 
a single-ended to differential ?lter 128 of the single-ended to 
differential ?lter 22 of FIG. 1. The single-ended to differ 
ential ?lter 128 is comprised of tWo concentric resonators: 
an inner disk resonator 130 and an outer Wine glass resonator 
132. The inner disk resonator 130 has a radius of approxi 
mately 6.25 pm. The outer concentric Wine glass ring 132 
has an inner radius of approximately 32.6 um, and an outer 
radius of approximately 42.3 um. The inner disk resonator 
130 is dielectrically actuated to induce the dielectric trans 
duction contour shoWn in FIG. 5B. Mechanical coupling 
beams 134 and 136 from the inner disk resonator 130 to the 
concentric ring resonator 132 to drive the concentric ring 
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resonator 132 in a Wine glass mode and thereby induce the 
dielectric transduction contour shoWn in FIG. 5B. The bias 
voltage and AC signal of FIG. 3A are applied to the input 
polysilicon layer 74 and the DC bias voltage of FIG. 3B is 
applied to the —iOUT polysilicon layer 182 and the +iOUT 
polysilicon layer 182'. 

[0033] The ?lter 128 is supported Within a frame 138, the 
upper and loWer edges of Which are shoWn in FIG. 5A, 
Which provides anchor points of the outer ends of four 
quarter Wavelength beams 140, 142, 144, and 146 that 
connect to the outer Wine glass resonator 132. The AC input 
signal Vin is routed on the polysilicon layer 74 to the 
polysilicon layer in the inner disk resonator 130 on the 
mechanical coupling beam 134. The outer Wine glass reso 
nator 132 has four separate areas of polysilicon, one for each 
of four quadrants 148, 150, 152, and 154 Which are betWeen 
the four quarter Wavelength beams 140 and 142, 142 and 
144, 144 and 146, and 146 and 140, respectively. The 
polysilicon 282' in the quadrant 150 is connected to a +iOut 
output at the outer end of the quarter Wavelength beam 144 
and also to the polysilicon on the coupling beam 136, but not 
to the polysilicon on the inner disk resonator 130. The 
polysilicon 182 in the sector 148 is connected to a —iOut 
output at the outer end of the beam 142. The polysilicon 
layers 184 and 186 in each of the sectors 152 and 154, 
respectively, are isolated. 

[0034] In this design and the design shoWn in FIG. 5A, the 
coupling springs’ stiffness is reduced by ensuring a ?exure 
mode coupling. The mechanical coupling beams 134 and 
136 are implemented using perpendicular arc segments to 
ensure a ?exure mode coupling betWeen the inner disk 
resonator 130 and the concentric ring resonator 132. There 
are many possible variations on the coupling beams, includ 
ing loWer velocity coupling, thinner beams, meander beams, 
nanotubes or nanoWires. A smaller coupling stiffness results 
in narroW bandWidth and small ripple. The ?lter is sus 
pended from the quasi-nodes of the Wine glass ring 132. The 
anchor beams 140, 142, 144, and 146 are frequency 
matched to re?ect back energy of the Wine glass resonant 
mode but act as an energy sink for undesired ring modes. 
Although the single-ended to differential ?lter shoWn in the 
SEM picture in FIG. 5A does not generate a 1:4 impedance 
transformation to match a 509 input to a 2009 output, the 
embodiment of FIG. 5A could generate a 1:4 impedance 
transformation by adjusting the resonant nodes. The 
motional impedance of each resonator 30 and 32 is given by 

Where C is the active capacitance betWeen the electrodes and 
the resonator, VDC is the bias voltage applied betWeen the 
electrodes and resonator, and VAC is the input signal. To a 
?rst order for dielectric transduction, the motional imped 
ance of the resonator is 
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Where Q is the quality factor, A is the electrode area, vf is the 
dielectric ?lm Poisson ratio, Kf is the ?lm relative dielectric 
constant, 00 is the angular frequency of vibration, and E0 is 
the permittivity of air. umax is the maximum displacement of 
the resonant motion and is proportional to VAC so that the 
impedance is independent of the input signal, as expected. 
The mode displacement umax of the ring and disk resonators 
is approximated here by 

to demonstrate its dependence on material properties and 
geometric factors. HoWever, a more precise mode displace 
ment is found only by integrating over the resonant mode 
shape. Here, ESi is the elastic modulus of the silicon reso 
nator, b is the resonator thickness, hf is the dielectric ?lm 
thickness, and W is the dimension of resonant motion. In the 
case of a ring, W is just the Width of the ring (R Rin) For 
a disk, W is the disk radius. 

out 

Given these formulas, one can easily construct a single 
ended to differential resonator With 50106 input and 2009 
output. To obtain the desired impedances, the dielectric ?lm 
thickness, dielectric constant, and electrode area can be 
adjusted. For example, the radial disk inner resonator 130 
can be replaced With a breathing mode annulus as in FIG. 8A 
Which does achieve a 1:4 impedance transformation to 
match a 509 input to a 2009 output. The annulus Width W 
for the breathing mode is 10 pm for a resonance frequency 
of 425 MHZ. For a 20 nm hafnia-transduced ring With an 
inner radius of 18 um and bias voltage of 10 V, the motional 
impedance is about 809. Final tuning of the resonator 
impedance can be achieved by adjusting the bias voltage 
VDc on that resonator, using a bias-T circuit. As explained in 
Paragraph [00035], the motional impedance of each reso 
nator is proportional to the inverse square of the applied bias 
voltage (RXMI/VDCZ), If the motional impedance is not 
perfectly matched to the input or output (due to fabrication 
variations, dif?culty in ?lter design, etc.), this bias voltage 
can be adjusted for ?ne tuning of the motional impedance for 
both resonators. For more impedance matching control, one 
can apply different bias voltages to each resonator. This can 
be achieved by applying a constant voltage (taken here to be 
ground) to the bodies of the tWo resonators, but applying 
different bias voltages VDC,input and VDC,Output to the input 
and output electrodes, respectively, using a bias-T on each 
electrode. The motional impedance of the input resonator is 
then Rxjnpugxl/VDcjnput2 and the motional impedance of 
the output resonator is RXputputMl/(VDQinputVDcputput). 
Here, one factor of VDcjnpufl comes from umax, the maxi 
mum motional displacement of each resonator. The second 
VDC_l term comes from the voltage across each electrode, 
Which is different for the tWo resonators. In this biasing 
con?guration, the motional impedance of the input and 
output resonators can be tuned independently. First, VDC, 
input can be adjusted to match the 50 9 input impedance. 
Then, With VDC,input ?xed at the desired voltage, VDC,Output 
can be adjusted to obtain a 200 9 output impedance. The 
same principle applies for the outer differential resonator. 
Each quadrant electrode of the Wine glass ring implemented 
in the single-ended to differential ?lter prototype, transduced 
With a 20 nm hafnia layer and a bias voltage of 10 V, has an 
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output impedance of 2109. In this case, the bias voltage may 
be reduced, and symmetric electrode signals combined to 
generate a total impedance of 2009 at the output. 

[0035] FIG. 5B is a representation of the dielectric trans 
duction occurring in the ?lter shoWn in FIG. 5A. The 
dielectric transduction pattern 176 of the inner disk resona 
tor 130 move both radially inWard and aWay from the center 
of the inner disk resonator 130 around the inner disk 
resonator 130, the solid line 178 representing the outside of 
the circumference of the inner disk resonator 130. As can be 
seen, the dielectric transduction pattern 180 occurring in the 
Wine glass resonator 132 is ellipsoidal, the solid lines 184 
and 186 representing the outside and inside, respectively, of 
the Wine glass resonator 132. 

[0036] FIG. 6 is an equivalent circuit of the single-ended 
to differential ?lters shoWn in FIGS. 5A and 8A. The 
second-order electromechanical ?lter is modeled electrically 
by tWo resonator RLC circuits 190 and 192 coupled through 
a capacitive T 194. For circuit analysis purposes input and 
output transformers 196 and 198 have been added to FIG. 6 
With an input signal Vin connected to one terminal of the 
primary Winding of the ?rst transformer 196 and one sec 
ondary Winding terminal connected to the resonator RLC 
circuit 190. The resonator RLC circuit 192 is connected to 
one terminal of the primary Winding of the second trans 
former 198 Which, in turn, provides differential outputs to 
drive tWo load resistors RQ from the secondary Winding of 
the second transformer 198. The second terminals of the 
primary and secondary Windings of the transformer 196, the 
second terminal of the primary of the transformer 198, and 
a center tap of the secondary Winding of the transformer 198 
are connected to ground as is one plate of the shunt capacitor 
Cop. When the resonator circuits 190 and 192 oscillate in 
phase, the current ?oWing through the shunt capacitor CC1D is 
minimiZed. When the resonator circuits 190 and 192 are out 
of phase, the current though the coupling shunt capacitor CC1D 
is at its maximum. In the mechanical domain, this corre 
sponds to a minimal relative displacement of the coupling 
beam for in-phase resonance and a maximum beam dis 
placement for out-of-phase resonance. In this model, 
feedthrough capacitance is negligibly small due to the large 
distance betWeen drive and sense electrodes. 

[0037] For a 30 nm thick hafnium dioxide dielectric layer, 
a numerical derivation of the radial disk mode yields Kd= 
5909, LX1=1 .1 mH, and Cxl=l27 aF. The Wine glass ring has 
RX2=939, LX2=0.17 mH, and CX2805 aF. The coupling 
capacitance CC1D is proportional to the effective dielectric 
constant of the capacitor Cop. There is a distinct tradeolf 
betWeen insertion, shape factor, and bandWidth. 

[0038] FIG. 7 is a plot of the test results for the single 
ended to differential ?lter shoWn in FIG. 5A. The test results 
shoW the 1 MHZ BW ?lter transmission response 200 for a 
bias voltage of 5 V and termination impedance of 4.8 k9 at 
a center frequency of 425 MHZ. An IL of 8 dB, shape factor 
of 1.16, stop band rejection of-50 dB, and —48 dB common 
mode suppression are observed. The common mode sup 
pression shoWn by curve 202 improved by 20 dB over 
electrically coupled ?lters disclosed in an article by G. G. 
Fattinger, et al, “Single-to-balanced Filters for Mobile 
Phones using Coupled Resonator BAW Technology,”Ullra 
sonics 2004, pp. 416-419 due to the differential mechanical 
nature of the Wine glass ring eigenmode. The ?lter of FIG. 
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SA has a relatively large insertion loss due to mismatch in 
the motional impedances of the constituent resonators 130 
and 132. This can be improved by increasing the siZe of the 
inner disk 130 and matching its second order radial mode to 
the Wine glass resonant frequency. 

[0039] Thus the single-ended to differential design of this 
?rst embodiment shoWn in FIG. 5A and the second embodi 
ment shoWn in FIG. 5A couple an intrinsically single-ended 
driving resonant mode to an inherently differential sensing 
resonant mode, optimiZe electrode area, can provide a 1:4 
impedance transformation in the FIG. 5A embodiment, and 
does provide a 1:4 impedance transformation in the FIG. 8A 
embodiment. This single-ended to differential ?lter 128 
provides a channel-select sWitchable loW-poWer electrome 
chanical alternative for front-end RF circuits, eliminating 
the need for bulky off-chip baluns and external RF sWitches. 
The high inductance and loW capacitance of the dielectri 
cally transduced resonators 130 and 132 comprising the 
?lter provide a small shape factor for small bandWidth 
applications. Mechanical coupling greatly improves 
feedthrough capacitance, While the inherently differential 
mode shape of the Wine glass ring provides loW common 
mode suppression. 

[0040] FIG. 8A is a SEM picture of a second embodiment 
of a single-ended to differential ?lter 228, similar to the ?rst 
embodiment of FIG. 5A, of the single-ended to differential 
?lter 22 of FIG. 1. The single-ended to differential ?lter 228 
is comprised of tWo concentric resonators, an inner breath 
ing mode ring or annulus resonator 230 and an outer Wind 
glass resonator 232. The inner annulus resonator 230 has an 
inside radius of approximately 1.85 pm and an outside radius 
of approximately 2.23 pm. The outer concentric Wine glass 
ring 232 has an inner radius of approximately 3.48 um, and 
an outer radius of approximately 3.88 um. The inner annulus 
resonator 230 is dielectrically actuated to induce the dielec 
tric transduction contour shoWn in FIG. 8B. Mechanical 
coupling beams 234 and 236 from the inner annulus reso 
nator 230 to the concentric ring resonator 232 drive the 
concentric ring resonator 232 in a Wine glass mode and 
thereby induce the dielectric transduction contour shoWn in 
FIG. 8B. The bias voltage and AC signal of FIG. 3A are 
applied to the input polysilicon layer 74 and the DC bias 
voltage of FIG. 3B is applied to the —iOUT polysilicon layer 
282 and the +iOUT polysilicon layer 282'. 

[0041] The ?lter 228 is supported Within a frame 238, 
Which provides anchor points of the outer ends of four 
quarter Wavelength beams 240, 242, 244, and 246 that 
connect to the outer Wine glass resonator 232. The AC input 
signal Vin is routed on the polysilicon layer 74 to the 
polysilicon layer in the aunulus resonator 230 on the 
mechanical coupling beam 236. The outer Wine glass reso 
nator 232 has four separate areas of polysilicon, one for each 
of four quadrants 248, 250, 252, and 254 betWeen the four 
quarter Wavelength beams 240 and 242, 242 and 244, 244 
and 246, and 246 and 240, respectively. The polysilicon 282' 
in the quadrant 250 is connected to a +iOut output at the outer 
end of the quarter Wavelength beam 244, and the polysilicon 
282 in the sector 248 is connected to a —iout output at the 
outer end of the beam 42. The polysilicon 282' is also on the 
coupling beam 234, but isolated from the polysilicon on the 
inner aunulus resonator 230. The polysilicon layers 284 and 
286 in each of the sectors 252 and 254, respectively, are 
isolated. 
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[0042] Four notches 260, 262, 264, and 266 in the inner 
annulus resonator 232 at the junctions With the coupling 
beams 234 and 236 facilitate the coupling betWeen the inner 
disk resonator 232 and the coupling beams 234 and 236. 

[0043] FIG. 8B is a representation of the dielectric trans 
duction occurring in the ?lter shoWn in FIG. 5A. Analogous 
to the dielectric transduction patterns shoWn in FIG. 5B, the 
dielectric transduction pattern 270 of the annulus resonator 
230 moves both radially inWard and aWay from the center of 
the breathing mode ring 230, the solid lines 272 and 274 
representing the outside and the inside, respectively, of the 
circumference of the breathing mode ring 232. As can be 
seen, the dielectric transduction pattern 276 occurring in the 
Wine glass ring 232 is the same as the pattern shoWn in FIG. 
5B. 

[0044] FIG. 9 is a plot of the test results for the single 
ended to differential ?lter shoWn in FIG. 8A. The test results 
shoW the 300 kHZ BW ?lter transmission response 280 for 
a bias voltage of 12 V and termination impedance of 509 at 
a center frequency of 907 MHZ. An IL of 6 dB, shape factor 
of 1.5, and a stop band rejection of —40 dB are observed. The 
curve 282 are the test results When either of the bias voltages 
76 or 84 of 12 V is removed, effectively creating an open 
circuit betWeen the input and the tWo outputs of the ?lter. 

[0045] Thus the single-ended to differential design of this 
second embodiment, like the ?lter of the ?rst embodiment, 
couples an intrinsically single-ended driving resonant mode 
to an inherently differential sensing resonant mode and 
provides a 1:4 impedance transformation. This single-ended 
to differential ?lter provides a channel-select sWitchable 
loW-poWer electromechanical alternative for front-end RF 
circuits, eliminating the need for bulky off-chip baluns and 
external RF sWitches. The high inductance and loW capaci 
tance of the dielectrically transduced resonators 230 and 232 
comprising the ?lter provide a small shape factor for small 
bandWidth applications. Mechanical coupling greatly 
improves feedthrough capacitance, While the inherently dif 
ferential mode shape of the Wine glass ring provides loW 
common mode suppression. FIG. 10 is a plot of the test 
results for the single ended to differential ?lter shoWn in 
FIG. 8A over a Wider frequency range than that shoWn in 
FIG. 9. As can be seen in FIG. 10 there are loWer order 
modes present in the ?lter of FIG. 8A, hoWever they produce 
out-of-band amplitude spikes that are essentially no greater 
than the transmission amplitude at the frequencies just 
outside the passband of the ?lter. 

[0046] FIG. 11 schematically illustrates another embodi 
ment of a MEMS ?lter. This embodiment is a fully differ 
ential ?lter Which can be used in a single-ended to differ 
ential con?guration. The ?lter has tWo softly-coupled Wine 
glass rings 290 and 292. The rings are anchored and coupled 
at their quasi-nodal points 294. Opposite quadrants of the 
Wine glass rings 290 and 292 are in phase, While adjacent 
quadrants are out of phase. Consequently, a single-ended 
input excitation of the Wine glass ring requires use of only 
tWo opposing electrodes 296 and 298. Counting the unused 
input electrode areas With the used input electrode areas, the 
used electrode area at the output is 1A the input electrode 
area, to generate an internal 1:4 impedance transformation, 
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matching the input to a 509 antenna and output to 200 Q 
LNA inputs. Thus the electrode design is necessarily sub 
optimal. Half of the input electrode area is unused due to the 
differential nature of the excited resonant mode. At the 
output, 3A of the electrode area is Wasted for impedance 
matching. The input impedance of this ?lter can easily be 
matched to 509 With dielectric transduction methods. Adja 
cent electrodes 300 and 302 are used to extract a 2009 
matched balanced signal. However, only one half quadrant 
can be used to pick off each signal. 

[0047] As stated above, the fully differential mechanical 
?lters of FIG. 11 can be used in tWo Ways. A single-ended 
input signal can be converted into a differential input signal 
With an off-chip balun; each line of the differential input 
signal is then fed to a separate pair of opposite input 
resonator electrodes. Alternately (as illustrated in FIG. 11), 
the fully differential ?lter can be excited With a single-ended 
signal (Whereby no balun is needed), forming an unopti 
miZed single-ended to differential ?lter. Identical differen 
tial-mode resonators coupled in this ?lter and operated in 
this Way do not readily provide the 1:4 impedance transfor 
mation forced by the balun or single-ended to differential 
?lter. This transformation is necessary to match the ?lter 
input impedance to the antenna and the output impedance to 
the LNA as shoWn in FIG. 1. In order to generate a 1:4 
impedance transformation in the fully differential ?lter, the 
output electrodes must be reduced in area by a factor of 4, 
further sacri?cing output signal. 

[0048] Embodiments of MEMS ?lters having resonators 
have been shoWn and described, along With various advan 
tages. In the illustrated embodiments the differential reso 
nator (aka output resonator) is a Wine-glass resonator, but 
other types of differential resonators, as Well as other types 
of single-ended resonators (aka input resonators), knoWn to 
those skilled in the art can be used. For example, but not 
limited to, Wine glass disk, Lame-mode square, or 2nd-order 
thickness-shear ring resonators can used for the differential 
resonator, and longitudinal mode bar, breathing mode 
square, or antisymmetric thickness-shear bar resonators can 
be used for the single-ended resonator. 

[0049] While reference has been made to various embodi 
ments, it should be understood that numerous changes may 
be made Within the spirit and scope of the inventive concepts 
described. Accordingly, it is intended that the invention not 
be limited to the described embodiments, but Will have full 
scope de?ned by the language of the folloWing claims and 
their equivalents. 

[0050] All features disclosed in the speci?cation, includ 
ing the claims, abstract, and draWings, and all the steps in 
any method or process disclosed, may be combined in any 
combination, except combinations Where at least some of 
such features and/or steps are mutually exclusive. Each 
feature disclosed in the speci?cation, including the claims, 
abstract, and draWings, can be replaced by alternative fea 
tures serving the same, equivalent or similar purpose, unless 
expressly stated otherWise. Thus, unless expressly stated 
otherWise, each feature disclosed is one example only of a 
generic series of equivalent or similar features. 

[0051] Any element in a claim that does not explicitly 
state “means” for performing a speci?ed function or “step” 
for performing a speci?ed function should not be interpreted 
as a “means” or “step” clause as speci?ed in 35 U.S.C. §112. 
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What is claimed is: 
1. A MEMS ?lter, comprising: 

an input layer for receiving a signal input; 

an output layer for providing a signal output; 

a ?rst resonator; and 

a second resonator coupled to the ?rst resonator such that 
movement transduced in the ?rst resonator by the 
signal input causes movement of the second resonator 
Which transduces the signal output. 

2. The MEMS ?lter of claim 1, Wherein the coupling 
betWeen the resonators is such that an input impedance of 
the ?lter is substantially matched to a differing output 
impedance of the ?lter. 

3. The MEMS ?lter of claim 2, Wherein the input imped 
ance comprises an antenna impedance and the output imped 
ance comprises a loW-noise-ampli?er (LNA) impedance. 

4. The MEMS single-ended to differential ?lter of claim 
3, Wherein the antenna impedance comprises approximately 
50 ohms and the LNA impedance comprises approximately 
200 ohms. 

5. The MEMS ?lter of claim 1 Wherein the ?rst and 
second resonators are concentric. 

6. The MEMS ?lter of claim 5, Wherein the ?rst resonator 
comprises an inner disc and the second resonator comprises 
a Wine glass resonator. 

7. The MEMS ?lter of claim 5, Wherein the ?rst resonator 
comprises a ?rst Wine glass resonator and the second reso 
nator comprises a second Wine glass resonator. 

8. The MEMS ?lter of claim 1, Wherein the ?rst resonator 
comprises a ?rst dielectric layer and the second resonator 
comprises a second dielectric layer, Wherein: 

the signal input creates a vertical compression of the 
dielectric layer Which drives the transduced movement 
of the ?rst resonator; and 

the caused movement of the second resonator creates a 
stress propagation of the second dielectric layer Which 
can be used to transduce the signal output. 

9. The MEMS ?lter of claim 8, Wherein the ?rst resonator 
and the second resonator further comprise silicon, and the 
?rst dielectric layer and the second dielectric layer comprise 
hafnium dioxide. 

10. The MEMS ?lter of claim 8, Wherein the input layer 
and the output layer comprise a doped polysilicon. 

11. The MEMS ?lter of claim 5, further comprising a 
frame, Wherein: 

the second resonator is coupled to the frame by at least 
one anchor beam; and 

the ?rst resonator is coupled to the second resonator by a 
plurality of coupling beams. 

12. The MEMS ?lter of claim 11, Wherein the plurality of 
coupling beams comprise perpendicular arc segments. 

13. The MEMS ?lter of claim 5, Wherein the second 
resonator is coupled to the frame by four anchor beams. 

14. The MEMS ?lter of claim 5, Wherein each of the four 
anchor beams is attached to the second resonator at a 
different quasi-nodal point around the second resonator. 

15. The MEMS ?lter of claim 1, further comprising a 
sWitched input coupled to the input layer for selectively 
providing RF signals to the input layer. 
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16. The MEMS ?lter of claim 1, further comprising a 
frame, wherein: 

the ?rst resonator is coupled to the frame by a ?rst 
plurality of anchor beams; 

the second resonator is coupled to the frame by a second 
plurality of anchor beams; and 

the ?rst resonator is coupled to the second resonator by at 
least one coupling beam. 

17. The MEMS ?lter of claim 16, Wherein: 

the ?rst plurality of anchor beans are coupled to the ?rst 
resonator at quasi-nodal points on the ?rst resonator; 
and 

the second plurality of anchor beams are coupled to the 
second resonator at quasi-nodal points on the second 
resonator. 

18. The MEMS ?lter of claim 17, Wherein the at least one 
coupling beam is coupled to: 

the ?rst resonator at a quasi-nodal point of the ?rst 
resonator; and 

the second resonator at a quasi-nodal point of the second 
resonator. 

19. The MEMS ?lter of claim 1, Wherein the input layer 
comprises at least one active input electrode Which is 
coupled over at least part of the ?rst resonator, and con?g 
ured to receive a single-ended input. 

20. The MEMS ?lter of claim 19, Wherein the input layer 
comprises tWo input electrodes coupled over opposite quad 
rants of the ?rst resonator, and con?gured to receive a 
single-ended input. 

21. The MEMS ?lter of claim 1, Wherein: 

the ?rst resonator is selected from the group consisting of 
a Wine glass resonator, a disk resonator, a longitudinal 
mode bar resonator, a breathing mode square resonator, 
and an antisymetrical thickness-shear bar resonator; 
and 

the second resonator is selected from the group consisting 
of a Wine glass resonator, a Wine glass disk resonator, 
a Lame-mode square resonator, and a second-order 
thickness ring resonator. 

22. A method of manufacturing a MEMS ?lter, compris 
1ng: 

forming a dielectric layer on a base; 

forming a patterned electrode layer at least in part on the 
dielectric layer; and 

etching the base to de?ne a resonator structure. 
23. The method of claim 22 Wherein the base comprises 

silicon. 
24. The method of claim 22 Wherein forming the dielec 

tric layer comprises depositing, patterning, and etching the 
dielectric layer. 

25. The method of claim 22, Wherein the dielectric layer 
comprises hafnium dioxide. 

26. The method of claim 22, Wherein the electrode layer 
comprises doped polysilicon. 

27. The method of claim 22, Wherein etching the base to 
de?ne the resonator structure comprises a deep reactive ion 
etching (DRIE) process. 

28. A resonator made using the process of claim 22. 
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29. A method of adjusting a desired input impedance and 
an output impedance of a dielectrically transduced MEMS 
?lter having transduction electrodes coupled to a dielectric 
?lm, comprising adjusting a DC bias voltage on the trans 
duction electrodes. 

30. A radio frequency (RF) apparatus, comprising: 

a) an input con?gured to receive an input RF signal; 

b) a plurality of MEMS ?lters, each comprising: 

i) an input layer for receiving a signal input; 

ii) all output layer for providing a signal output; 

iii) a ?rst resonator; and 

iv) a second resonator coupled to the ?rst resonator 
such that movement transduced in the ?rst resonator 
by the signal input causes movement of the second 
resonator Which transduces the signal output, and 
Wherein each of the ?rst and second resonators are 
tuned to alloW different frequency bands to pass from 
the signal input to the signal output; 

c) sWitching circuitry Which routes the input RF signal to 
a desired MEMS ?lter from the plurality of MEMS 
?lters; and 

d) an output con?gured to provide the signal output from 
the desired MEMS ?lter. 

31. A MEMS ?lter, comprising: 

a frame; 

an output resonator coupled to the frame by anchor 
beams; 

an input resonator coupled to the output resonator by at 
least one coupling beam; 

an input dielectric layer covering at least part of the input 
resonator; 

an output dielectric layer covering at least part of the 
output resonator; 

an input electrode covering at least part of the input 
dielectric layer and con?gured to receive an input 
signal comprising an input DC bias voltage and a 
single-ended RF voltage signal from a device With a 
?rst impedance, Wherein the combination of the input 
DC bias voltage and the single-ended RF voltage signal 
compresses the input dielectric layer and drives a 
movement of the input resonator; 

a ?rst output electrode covering at least part of the output 
dielectric layer; 

a second output electrode covering at least another part of 
the output dielectric layer; 

Wherein the ?rst and second output electrodes are con 
?gured to receive an output DC bias voltage; 

Wherein movement of the input resonator tends to cause 
movement of the output resonator depending on the 
characteristics of the input signal, the input DC bias 
voltage, the anchor beams, the at least one coupling 
beam, the input dielectric layer, and the input electrode; 
and 

Wherein movement of the of the output resonator creates 
a differential output signal at a second impedance 
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between the ?rst output electrode and the second output 
electrode depending on characteristics of the output DC 
bias Voltage, the output dielectric layer, the ?rst output 
electrode, and the second output electrode. 

32. The MEMS ?lter of claim 31, Wherein the output 
resonator is a Wine glass resonator. 

33. The MEMS ?lter of claim 32, Wherein the input 
resonator is a Wine glass resonator. 
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34. The MEMS ?lter of claim 32, Wherein the input 
resonator and the output resonator are concentric. 

35. The MEMS ?lter of claim 34, Wherein the input 
resonator is a Wine glass resonator. 

36. The MEMS ?lter of claim 34, Wherein the input 
resonator is a disc. 


